Inactivation of baculoviruses was examined under various conditions by ELVA, which enzymatically labels the virus envelope with radioisotopes and detects the labeled viruses by host cell-specific binding. When baculoviruses were incubated in a 50-ml culture tube, they rapidly lost infective ability by more than 75% of the initial titer in 2 h even at an insect cell cultivation temperature of 27 C. Altering pH from neutral significantly decreased the virus titer. Repetition of freezing and thawing of baculovirus solutions decreased the virus titer, but the addition of DMSO and glycerol prevented inactivation to some extent.
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Baculoviruses are used as a powerful expression vector in the production of recombinant proteins in insect cells and larvae, taking advantage of a high level of expression and of proper functionality of the expressed proteins, similar to that obtained when using mammalian cells. [1] [2] [3] Recently, baculoviruses engineered to contain mammalian cell active promoters are also expected to be a useful vector for gene delivery in a variety of mammalian cells to facilitate the expression of foreign genes. [4] [5] [6] In such practical applications, a comprehensive understanding of the inactivation of baculoviruses under various conditions is important. Jarvis and Aurelio 7) examined the long-term stability of baculovirus stored under various conditions, but a surprisingly limited amount of information exists on this matter. This may be partly because the ordinal methods used to evaluate the baculovirus titer, end-point dilution assay and plaque assay, are error-prone, laborious, and time-consuming. 8) Recently, we developed a rapid and convenient virus test, referred to as the envelope-labeled virus assay (ELVA), that radioisotopically labels the virus envelope in vitro with phosphatidylethanolamine N-methyltransferase (PEMT) and detects the labeled viruses by host cell-specific binding.
9) The objectives of this study were to examine the inactivation profile of baculoviruses under various conditions by ELVA and to gain useful information on their proper use in recombinant protein production and diagnostic applications.
A recombinant strain (vGFPuv) 10) that has a gene coding a variant of green fluorescent protein fused into the polyhedrin gene of baculovirus AcMNPV so that it exists in only a budded (enveloped) form, was amplified by infecting actively growing Sf-9 insect cells at 1 Â 10 6 cells/ml with the viruses at a MOI of 0.1 pfu/ cell and titered by end-point dilution assay. The virus titer, expressed as a 50% tissue-culture infectious dose (TCID 50 ), was converted to pfu/ml. 8) Prior to the inactivation study, newly amplified vGFPuv was centrifuged at 46;000 Â g for 3 h at 4 C and suspended in a phosphate buffered saline (PBS) or Sf-900 II serum free insect cell medium (Invitrogen, Carlsbad, CA). The insect cells used in the detection of radiolabeled virus by host cell-specific binding were Trichoplusia ni BTI-TN-5B1-4 (High-5). PEMT, which catalyzes the transfer of a methyl group from a donor substrate S-adenosylmethionine (SAM) to phosphatidylethanolamine, was purified from porcine liver, as described elsewhere. 9, 11) Figure 1 schematically shows a procedure for discriminating active and inactive baculoviruses by ELVA analysis through specific binding of virus attachment proteins to the cell surface receptor. After baculovirus solutions were incubated under various conditions for appropriate times, the enzymatic labeling reation was carried out in a reaction mixture, which contained, in a final volume of 200 ml, PBS, pH 7.4, 0.4 mM [methyl-
3 H] SAM (1 Ci/mol), appropriate amounts of purified PEMT, and vGFPuv, at 37 C for 1 h. After the enzyme and a trace amount of detergent contaminated in the enzyme purification steps were removed by treatment with Bio-Beads SM-2 (Bio-Rad, Hercules, CA) and y To whom correspondence should be addressed. Tel: +81-18-889-2742; Fax: +81-18-8378-0404; E-mail: tgotoh@ac5.as.akita-u.ac.jp Abbreviations: AcMNPV, Autographa californica multiple nucleopolyhedrovirus; ELVA, envelope-labeled virus assay; PEMT, phosphatidylethanolamine N-methyltransferase; TCID50, 50% tissue-culture infectious dose; SAM, S-adenosylmethionine Butyl Toyopearl (Tosoh, Tokyo), 100 ml each of the supernatant and PBS were added to 5 Â 10 6 cells of pelleted High-5 cells. After they were suspended and incubated at room temperature with continuous agitation on an orbital microtube shaker for 1 h, the cells were centrifuged at 4;000 Â g for 5 min and then washed 3 times with PBS. The soluble fraction was extracted with 1 ml of 1% SDS and examined for radioactivity on a liquid scintillation counter. Figure 2 shows the relationship between cell-associated radioactivity and the active baculovirus concentration (titer) as determined by ELVA analysis. There was a linear correlation between cell-associated radioactivity and the logarithmic titer of the baculoviruses. When viruses at a titer of 1 Â 10 9 pfu/ml were heatinactivated in an oxygenated medium at 37 C for 24 h and subjected to ELVA analysis, no radioactivity was found in the cell fraction. In addition, when two other virus preparations whose titers were determined by endpoint dilution assay were analyzed for cell-associated radioactivity by ELVA, the results were located almost on the correlation line. These results indicate that ELVA is capable of assessing the change in baculovirus titer, based on the linear correlation between the cellassociated radioactivity due to bound viruses and the logarithmic virus titer.
Inactivation kinetics was first analyzed by ELVA for vGFPuv at various temperatures. Figure 3 shows sequential changes in the relative virus titer when 1 ml of baculovirus-SF-900 II solution was placed in 50-ml culture tubes and incubated at the indicated temperatures. Even a 2-h incubation at 37 C reduced the infective ability by more than 75% of the initial value, although distinctive inactivation was not observed at 0 C for 24 h. Inactivation in SF-900 II was apparently less than in PBS (data not shown), probably due to a protective effect of compounds contained in the culture medium. Jarvis and Aurelio 7) have reported that the major factor contributing to a loss of viral infectivity was exposure to light. The significant decrease in the virus titer shown in Fig. 3 might have been largely due to exposure to light in the 50-ml culture tubes. Since the virus titer decreased rapidly with increasing incubation temperature even at low temperatures, baculoviruses are thought to be sensitive to temperature as well. No negative linear correlation between logarithmic virus titer and time is to be seen in Fig. 3 . Instead, discernible shoulders are seen at the beginning, especially at low temperatures. These non-linear inactivation profiles also confirm that the inactivation of baculoviruses occurs through multiple inactivation mechanisms and cannot be described by simple first-order kinetics. A mathematical model formulation satisfying baculovirus inactivation mechanism remains to be developed. Cell-associated radioactivity (dpm)
Initial baculovirus titer (pfu/ml) When the ambient air of the 50-ml culture tubes was replaced with nitrogen, inactivation was suppressed to some extent (data not shown). This indicates that oxidation was also responsible in part for baculovirus inactivation. We have reported that in baculovirusinfected Sf-9 cultures at a low MOI, the production of recombinant protein increased significantly at a low dissolved oxygen (DO) concentration (5% of air saturation). 12) Since progeny viruses budded from primarily infected insect cells significantly affected volumetric productivity of low MOI infection cultures through secondary infection of uninfected cells, the higher stability of amplified progeny viruses at low DO concentrations might result in higher productivity of recombinant protein.
The effect of pH on baculovirus inactivation was also examined by the ELVA method. Appropriate amounts of 1 N NaOH or 1 N HCl were rapidly added to virus solutions at 0 C and then incubated at various temperatures. The resulting pH of the solutions was measured at the end of incubation, and the pH was brought back to the initial value by the addition of equal amounts of acid and of alkali solutions before ELVA analysis. It was found that baculoviruses were so pH-sensitive that the titer rapidly decreased as pH deviated from neutral. The optimal pH for baculovirus storage was around 6.4. Figure 4 shows effect of freezing (À80 C) and thawing of baculovirus stock solutions. Repetition of freezing and thawing of stock solutions caused a gradual decrease in virus titer, whereas the decrease was largely prevented by rapid thawing in a 37 C water bath. Inactivation of baculoviruses on freezing and thawing was found to be further prevented by the addition of 30% glycerol and by that of 10% DMSO to some extent. DMSO supplementation of virus stock solutions whose pH is secured at a neutral value might be useful if they must be used repeatedly. Moreover, baculovirus stock solutions should be separated into minimum quantities for each infection culture and stored in a deep freezer.
In the present study, we identified inactivation characteristics of AcMNPV under various conditions by ELVA analysis. This information should be useful in properly dealing with baculoviruses in bioengineering and diagnostic applications. , and 30% glycerol (solid triangles) were frozen in a freezer at À80 C, and then (A) slowly thawed at room temperature or (B) rapidly thawed in a water bath at 37 C.
